Mobile genetic elements involved in mediating horizontal transfer events contribute to bacterial evolution, and bacterial genomic plasticity and instability result in variation in functional genetic information in Streptomyces secondary metabolism. In a previous study, we reported the complete genome sequence of the industrial Streptomyces strain F613-1, which produces high yields of clavulanic acid. In this study, we used comparative genomics and bioinformatics to investigate the unique genomic features of this strain. Taken together, comparative genomics were used to systematically investigate secondary metabolism capabilities and indicated that frequent exchange of genetic materials between Streptomyces replicons may shape the remarkable diversities in their secondary metabolite repertoires. Moreover, a 136.9-kb giant region of plasticity (RGP) was found in the F613-1 chromosome, and the chromosome and plasmid pSCL4 are densely packed with an exceptionally large variety of potential secondary metabolic gene clusters, involving several determinants putatively accounting for antibiotic production. In addition, the differences in the architecture and size of plasmid pSCL4 between F613-1 and ATCC 27064 suggest that the pSCL4 plasmid could evolve from pSCL4-like and pSCL2-like extrachromosomal replicons. Furthermore, the genomic analyses revealed that strain F613-1 has developed specific genomic architectures and genetic patterns that are well suited to meet the requirements of industrial innovation processes.
Introduction
Streptomyces species are Gram-positive bacteria with genomes of high G + C%. A range of previous studies have focused on their ability to produce a variety of antimicrobial and valuable bio-based chemicals. Based on this scenario, the complex secondary metabolism and genetic regulation 1 3 472 Page 2 of 10 in Streptomyces have been extensively studied, to understand the biosynthesis of natural products. With an emphasis on the commercial value of secondary metabolites, the biotechnological potential associated with secondary metabolism has been systematically investigated with the advancement and development of high-throughput sequencing techniques and up-to-date bioinformatics approaches.
As one of the most widely studied genera, hundreds of draft genomes of Streptomyces have presently been demonstrated and archived in GenBank. However, the limited number of completely assembled sequences reflects the challenges in acquiring whole genomes and closing the sequence gaps for this genus. The entire genome sequences of Streptomyces lividans TK24 (Ruckert et al. 2015) and S. lividans 66 (Cruz-Morales et al. 2013) were released, approximately one decade after the first published complete genome of the closely related strain S. coelicolor A3(2) (Bentley et al. 2002) . Based on the feasibility and significance of combining the PacBio SMRT and Illumina MiSeq platforms, the S. leeuwenhoekii genome was assembled recently, previously consisting of a linear scaffold and two additional replicons (Gomez-Escribano et al. 2015) . The formicamycin producer Streptomyces formicae KY5 (Holmes et al. 2018) , streptolydigin producer Streptomyces lydicus 103 (Jia et al. 2017 ) and anticancer anthracyclines producer Streptomyces peucetius ATCC 27952 (Dhakal et al. 2018 ) have also been sequenced to acquire their metabolism and genomic diversity.
The replicons (chromosomes, plasmids) characterized in Streptomyces species are generally regarded as linear. In addition, spontaneous deletions, genomic amplification and sequence arrangements commonly occur in the chromosome, contributing to diversified genetic instability and metabolic capability of Streptomyces (Li et al. 2016; Lin et al. 1993; Volff and Altenbuchner 1998; Xu et al. 2016 ). The linear 6.84 Mb chromosome of Streptomyces albus J1074 could be considered as a 'naturally minimized' scaffold of the Streptomyces genomes (Ian et al. 2014) ; such 'compact' genomic architecture could assist in the definition of essential genes for environmental fitness and bacterial growth/replication, which is also involved in the natural product studies (Gonzalez et al. 2016) .
Of note, Streptomyces clavuligerus can produce clavulanic acid, which is used clinically together with conventional β-lactam antibacterial therapy for the treatment of infectious diseases caused by pathogenic microorganisms that exhibit resistance to β-lactam antibiotics (Medema et al. 2010) . The draft genome sequence of S. clavuligerus strain ATCC27064 revealed that it was composed of one linear chromosome and four linear plasmids, respectively, nominated pSCL1, pSCL2, pSCL3 and pSCL4 (Song et al. 2010) . Genome analysis revealed the clavulanic acid gene cluster, the clavam gene cluster, and the paralog gene cluster, which are proposed, respectively, to account for the biosynthesis of clavulanic acid, cefamycin C, and clavams. Interestingly, the clavulanic acid gene cluster and the clavam gene cluster are located on the chromosome, whereas the paralog gene cluster is located on plasmid pSCL4 (Medema et al. 2010; Song et al. 2010) .
Streptomyces clavuligerus strain F613-1 is an important industrial producer with high clavulanic acid production, but poor ability to produce 5S clavam compounds, and its complete genome of F613-1 has been sequenced (Cao et al. 2016) . In this study, we analyzed the compact genome sequence of F613-1, which contains a 6.78 Mb chromosome, considerably smaller than other reported S. clavuligerus genomes, and a 707 Kb pSCL4-like plasmid (smaller than 1.8 Mb pSCL4, however, carrying the intact paralog gene cluster related with biosynthesis of clavulanic acid). Frequent exchanges of genetic material between F613-1 plasmids and chromosomes may shape a rapidly varying repertoire of secondary metabolic capacities and evolving genetic features that aim at adapting to changing conditions and industrial requirement. Taken together, customized comparative genomics suggested that this 'highly plastic' genome could constitute a chassis for the biosynthesis and modification of natural products. In addition, analysis of several valuable metabolic genes suggested future investigations for optimizing the industrial use of this strain.
Methods and materials

Bacterial strain and culture condition
Streptomyces clavuligerus F613-1 is an industrial producer of clavulanic acid, which was developed and derived from strain ATCC 27064. ATCC 27064 was used as control in this work. S. clavuligerus was grown at 25 °C on BSCA plates (containing 1.5% malt extract, 0.3% tryptone, 0.4% glucose, 2.0% agar powder, pH 7.5) for 8 days to collect spores. To extract genomic DNA, spores were harvested from 1 cm 2 agar, inoculated into 50 ml of tryptic soy broth medium (Oxoid, UK) in 250-ml flasks and grown at 25 °C on a rotary shaker at 250 rpm for 60 h to harvest mycelium. To produce clavulanic acid, S. clavuligerus was grown on liquid seed medium (2% soybean meal, 2% glycerol, 1.2% cornstarch, 0.5% yeast extract, 0.08% potassium phosphate, pH 8.0) and then inoculated into a fermentation tank containing 3.0% soybean meal, 2.5% soy isolate, 3.0% maltdextrin, 1.0% glycerol trioleate, 0.25% potassium phosphate, 0.1% magnesium chloride, 0.02% sodium chloride, and 0.05% foamaster, pH 7.0; supplemented 1.5% glycerol was added during the fermentation process. The concentration of clavulanic acid was detected as described (Zhong et al. 2014) , with a Thermo Scientific Hypersil ODS-3 (C18) 5 µm column.
Genome annotation and analysis
The genome of the strain F613-1 has been sequenced and assembled (Cao et al. 2016) . Genome annotation was previously performed as recommended by the NCBI (National Center for Biotechnology Information) online pipeline for prokaryotic species. In brief, putative protein-coding DNA sequences (CDS) were predicted using Glimmer 3.02 (Delcher et al. 2007) , and the shorter genes (< 100-bp) were inferred using Prodigal V2.60 (Hyatt et al. 2010 ). Ori-Finder was used to investigate its genomic replication origin site (oriC) (Luo et al. 2014) . Functions for the corresponding protein candidates were predicted using BLASTp-based assignment against all reference annotated information of S. clavuligerus ATCC 27064 and the non-redundant (nr) protein sequence database archived in NCBI. The assembled genome sequences were also annotated and examined using the RAST server (Overbeek et al. 2014) for CDS, ARAGORN (Laslett and Canback 2004) for the annotation of tRNA genes, and RNAmmer (Lagesen et al. 2007 ) for annotation of rRNA genes. Clusters of orthologous groups (COGs) (Galperin et al. 2015) for each gene product were predicted using standalone RPS-BLAST. Identification of biosynthetic gene clusters for antibiotics and other secondary metabolites was conducted by searching against the antiSMASH databases (Blin et al. 2017 ).
Comparative genome analysis
The F613-1 genome sequence was aligned to ATCC 27064 via the Mauve suite (Darling et al. 2004 ). Strain-specific CDS were identified with VR profile (Li et al. 2018) and mGenomeSubstractor with H value ≥ 0.42 (cutoffs: 60% identity, 70% length matching ratio) (Shao et al. 2010) . Completely sequenced Streptomyces genomes were collected to access the phylogenetic status of F613-1, and whole genomic protein sequence-level phylogeny was calculated by the CVTree3 program (Zuo and Hao 2015) .
Analysis of the mobile genome
A bacterial 'mobile genomic region' annotation strategy was designed to analyze the assembled replicons and to identify mobile genetic elements (e.g., ISs, integrons, prophages). Plasmids were previously identified and assembled after sequencing the genome, and we designed a mobilome annotation procedure to detect other mobile-related elements in sequenced bacterial genomes as follows. PlasmidFinder (Carattoli et al. 2014 ) was used to type replicons of plasmids that had been previously assembled and identified. Plasmids whose types could not be probed by the above tools were compared against the NCBI nucleotide database using the BLASTn program (http://blast .ncbi.nlm.nih.gov/Blast .cgi) to find plasmids that were highly similar at the nucleotide level. If this method failed to retrieve a match, plasmid replication proteins were compared against the GenBank nr and shotgun (WGS) databases to find homologous replicons for reference at the protein level.
ISs were mainly identified with ISsaga (Varani et al. 2011) and ISfinder (Siguier et al. 2006) ; ISCR elements were also identified (http://medic ine.cf.ac.uk/infec t-immun /resea rch/infec tion/antib acter ial-agent s/iscr-eleme nts/) and then manually curated for the corresponding intactness, terminal inverse repeats (IRs), and flanking direct repeats (DRs) defined with WebACT (Abbott et al. 2005) . IS element orientation was defined according to the orientation of the embedded transposase gene (Roberts et al. 2008) . VRprofile (Li et al. 2018 ) (available at http://bioin fo-mml. sjtu.edu.cn/VRpro file), Islander (Hudson et al. 2015) , and IslandViewer (Dhillon et al. 2015) were used to search for other types of mobile genetic elements (MGEs) and bacterial secretion systems. In addition, prophages were predicted with PHAST (Arndt et al. 2016) and Phage_Finder (Fouts 2006) , and boundaries were manually checked.
Data availability
The sequences of the main chromosome and auxiliary plasmid pSCL4 of strain F613-1 were submitted to GenBank under accession number CP016559 and CP016560, respectively.
Results
Clavulanic acid yield of S. clavuligerus F613-1
Streptomyces clavuligerus F613-1 is an industrial producer that can produce up to 4.87 g/l of clavulanic acid in 125-m 3 fermentation tanks (Zhong et al. 2014 ). Similar to S. clavuligerus ATCC 27064, F613-1 showed productive sporulation on BSCA plates after 7-8 days (Table 1) . Notably, no pigment could be detected on BSCA plates of F613-1, whereas ATCC 27064 produced a variety of burgundy pigments.
Mobile genome of S. clavuligerus F613-1.
The general characteristics of F613-1 genome are summarized in Table S1 . F613-1 chromosomal oriC region seems to be located between 3,465,360 bp and 3,466,344 bp, closely adjacent to the dnaA and dnaN genes. We first compared the pan-genomes of strain F613-1 and ATCC 27064 and found a variety of F613-1-specific genes for which homologs were not identified in ATCC 27064 (Supplementary Table S2 ).
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The aforesaid genes were observed to localize mainly onto a large RGP (genomic region of plasticity). Next, selfcustomized comparative genomics of the genome of S.
clavuligerus F613-1 (Figs. 1, 2 , and Supplementary Figure S1-S2) revealed its remarkable potential to produce a large number of interesting novel secondary metabolite products. A few number of these secondary metabolite gene clusters were localized to the linear pSCL4-like plasmid. The ATCC 27064 mega-plasmid and homologous smaller plasmid in F613-1 were both densely packed with exchanged genetic material (Supplementary Table S3 ), suggesting that linear plasmids perform a dramatic role in genomic flux (Figs. 1,  3) .
Subsequent comparative genomics suggest that significant transfer of genetic information among Streptomyces plasmids and chromosomes modulates their secondary metabolite repertoires. It is not unusual for the genetic material flow/exchange between different replicons, and we Fig. 3b . Of note, we also identified integrase/transposase homologs in F613-1 (Supplementary Table S4 ); however, no intact IS elements were characterized in silico, denoting complex and frequent recombination in F613-1 leading to wide dissemination of a variety of IS remnants.
Diverse secondary metabolism potential of F613-1
A variety of secondary metabolite gene clusters were identified in the F613-1 genome and the cognate plasmid pSCL4 (Supplementary Table S3 ) via the antiSMASH 3.0 suite. Surprisingly, a large RGP (Supplementary Table S2 ) was found to carry a biosynthetic gene cluster for a nonribosomal peptide synthetase (NRPS) that generates teleocidin B. This RGP was found to range from positions 442,577 to 579,466 bp in the left arm of the F613-1 chromosome (Fig. 1) , and a plasmid-borne paralog gene cluster related with biosynthesis of clavulanic acid was identified in the 707-Kb pSCL4-like plasmid (Fig. 4) . Interestingly, all gene clusters associated with biosynthesis of clavulanic acid between F613-1 and ATCC 27064 are almost identical. Results obtained using the antiSMASH 3.0 server were evaluated, and 37 gene clusters (28 in chromosome and 9 in plasmid, respectively) predicted to be involved in secondary metabolism were catalogued into several major groups, including polyketide synthases (PKSs) and NRPSs listed in Supplementary Table S3 . These gene clusters occupied 16.0% of the total genomic length, with a total length of 501 kb in the arms region and 230 Kb of biosynthetic gene clusters in the plasmid. It is clear that S. clavuligerus strain F613-1 has a more unique genomic arrangement and metabolic diversity in terms of plasmid than that of the NRRL 3585 and ATCC 27064, which have been identified to be homologs exhibiting dynamic architectures. The DNA fragment located in the RGP shown in Fig. 1 is the largest region of genomic instability, carrying genes likely comprising a NRPS for teleocidin_B-like products (cluster 4, Supplementary Table S3) . Moreover, the largest biosynthetic gene cluster, located in the right-arm region (cluster 27, 94.7-Kb) of the F613-1 chromosome, consists of bafilomycin biosynthesis-like type I PKS genes (Supplementary Table S3 ). The gene BB341_RS27560 flanked genome, and this RGP (region of genomic plasticity) was outlined since these three genomes were found nearly identical by the Mauvebased prediction 1 3 472 Page 6 of 10 by this region was postulated to encode a regulator classified into the Streptomyces antibiotic regulatory protein (SARP) family, involved in the expression/activities of the adjacent PKS. In addition, a gene cluster (cluster 14) annotated as encoding a hybrid type I PKS and NRPS spanning a 55.2-Kb region showed very few limited sequence identities (only 9%) to the experimentally characterized 205.4-Kb kanamycin biosynthesis gene cluster (NCBI Accession No. AB254080).
Remnants of two type VII secretion systems in F613-1
Two potential type VII secretion system (T7SS) gene clusters (locus tags: BB341_RS05795 -BB341_RS05860, and BB341_RS25865-BB341_RS25885) were identified in S. clavuligerus F613-1 (Supplementary Figure S3) . Unlike the ESAT-6 secretion system (ESX) of Mycobacteria, which contributes to virulence (Houben et al. 2014) , T7SS have been proposed to be involved in sporulation of S. coelicolor Fig. 3 The genetic architecture and possible genetic exchanges mechanism of the F613-1 plasmid pSCL4. a The alignment map indicates the proposed horizontal transferability between different replicons. Homology genes are shown as color matched. b The working model for plasmid pSCL4 degeneration is postulated resulting from the fragment insertion and excision of the transitional intermediates; however, a more expanded landscape of pSCL4-related Streptomyces genomics is still required to define its origin. It is feasible that candidate direct and reverse repeat fragments likely contributed to 'in cis' and 'in trans' mating and excision patterns Fig. 4 The genetic context of the genetic flux between pSCL2 and pSCL4 contributing to the genomic architecture of F613-1 pSCL4 plasmid. a The F613-1 pSCL4 plasmid shares a nearly identical architecture of previously reported sequences from pSCL4 of strain ATCC 27064; however, a genetic exchange between pSCL2 and pSCL4 could assist F613-1 high yield of clavulanic acid. b The colinear alignment of chromosome-carrying and pSCL4-borne gene clusters responding for clavulanic acid production. cvmG: putative Gra-orf36-like protein; cvmP: putative peptidylarginine deiminase; cvmH: putative hydrolase; cvm13 and cvm7: putative asparaginase; cvm12: putative transcriptional regulator; cvm11: putative efflux protein; cas: clavaminate synthase isozyme; cvm3: putative oxidoreductase; cvm2: putative ribulose-5-phosphate epimerase; cvm1: putative aldo/keto reductase family 2 enzyme; cvm4: putative deacetylcephalosporin C; cvm5: putative luciferase; cvm6: putative pyridoxal phosphate-dependent aminotransferase; cvm9: putative DNA binding protein; cvm10: putative serine threonine protein kinase; cvm7par: putative transcriptional regulator; cvm6par: putative pyridoxal phosphate-dependent aminotransferase; oat: putative pyridoxal phosphatedependent aminotransferase; pah: proclavaminate amidinohydrolase isoenzyme; bls: beta-lactam synthetase isoenzyme; ceaS: carboxyethyl arginine synthase isoenzyme; orfA: hydroxymethyltransferase; orfB: YjgF family regulator; orfC: aminotransferase; orfD: dehydratase; orfE, orfF and orfH: membrane protein; orfG, orfJ and orfK: hypothetical protein; orfI: LysR family regulator 1 3 472 Page 8 of 10 and to modulate development (Akpe San Roman et al. 2010) . A T7SS in S. scabies was also found to modulate development and had no detectable association with virulence (Fyans et al. 2013) . Surprisingly, two co-existing T7SS gene remnants in the S. clavuligerus F613-1 genome were characterized in silico (Supplementary Figure S3) . Furthermore, above loci coding for bacterial secretion systems could result from heavily horizontally transferred insertion and acquisition, leading to the presence of less-conserved and nonintact bacterial secretion systems (Abrusci et al. 2014; Bi et al. 2013; Fyans et al. 2013; Houben et al. 2014; Li et al. 2015) . Because of the lack of conservation of some secretion systems and disruption of others, experimental validation should focus on a limited number of atypical secretion systems, which has complicated the assessment of genetic and functional diversities. Bacterial secretion systems are often encoded within one or a few neighboring operons (Abrusci et al. 2014; Bi et al. 2013; Fyans et al. 2013; Houben et al. 2014; Li et al. 2015) . This finding could facilitate the identification of new bacterial secretion systems in regions adjacent to known loci.
Discussion
In this study, we have used the vast body of knowledge accumulated from experimental studies and computational models to describe the genomic composition and genetic organization of F613-1, to evaluate and improve its significant industrial prospects. Different from the genome ATCC 27064 strain NRRL3585, only one chromosome and one pSCL4-like plasmid were identified and sequenced in strain F613-1. It was reported that the 'minimized' genome and plasmid elimination could facilitate higher yield of secondary products (Lu et al. 2017; Wu et al. 2012; Xu et al. 2016 ). In addition, our previous study revealed genome-wide gene expression profiles in F613-1 during high-level production of clavulanic acid, including differential changes of genes for primary metabolism and upregulation of biosynthetic gene clusters involved in clavulanic acid production. Changes in primary metabolism (RNA-Seq GEO: GSE104738) seemed to divert metabolic fluxes toward biosynthetic precursors for clavulanic acid, and the holomycin biosynthesis cluster was silent (Qin et al. 2017) . These findings are similar to the transcriptome and proteome data from another clavulanic acidproducing industrial strain (Medema et al. 2011; Unsaldi et al. 2017) . Our analyses suggest that genetic losses and insertions may have facilitated the fitness of F613-1 as an industrial strain, including enhancing clavulanic acid yield.
The mobilization of an NRPS-like secondary metabolite gene cluster onto the F613-1 linear chromosome was identified and, overall, the genomic patterns in strain F613-1 seem to have developed to acquire efficient biosynthesis and substrate tolerance. The pSCL4 plasmid likely evolved by heavy genetic material exchanges between a larger plasmid (like ATCC 27064 pSCL4) and other genomic replicons, such as the pSCL2 plasmid. In addition, the spread of secondary metabolite genes onto large linear plasmids such as pSCL4 indicates that these plasmids could be diversified vehicles for horizontal transfer and serve as intermediate chassis for studies on the minimal Streptomycetes genome. Based on this scenario, strain F613-1 carrying a small genome and high biosynthetic capabilities may be suitable for further modification for other industrial processes.
We sequenced the genome of F613-1 for its high yield of clavulanic acid. Systematics and omics-guided investigations on industrial microbes have gradually developed efficient approaches for chemical drug discovery and production optimization (Xu et al. 2016) . At least 16.0% of the compact genome of F613-1 has been found to synthesize secondary metabolites collated from the prediction of the antiSMASH 3.0 server. Using REBASE-based searches (Roberts et al. 2015) , we also found that F613-1 encodes no known restriction enzymes, suggesting that this strain could be deficient in preventing genetic exchange. The complete genome sequence of F613-1 and our analyses should enhance understanding of the secondary metabolism and complicated regulation of clavulanic acid biosynthesis, and thereby facilitate in-depth research for improving industrial production of clavulanic acid. In view of these findings, we hypothesize that F613-1, with its naturally reduced genome, can be modified to be an exogenous expression vector for ectopic genes of interest, identified from the microbiome extracted from industrial and/or environmental samples.
